We investigated whether motion aftereffects (MAE) can be contingent on surroundings. Random dots moving leftward and rightward were presented in alternation. Moving dots were surrounded by an open circle or an open square. After prolonged exposure to these stimuli, MAE were found to be contingent upon the surrounding frames: dots moving in a random direction appeared moving leftward when surrounded by the frame that was presented in conjunction with rightward motion. The effect lasted for 24 h and was observed when adapter and test stimuli were presented not only retinotopically, but also at the same spatiotopic position. Furthermore, the effect was observed even when the adapter and test stimuli were presented at different retinotopic and spatiotopic positions as long as they were presented in the same hemi-field. These results indicate that MAE would be influenced not only by the stimulus features, but also by their surroundings, and they suggest that the surround-contingent MAE might be mediated in the higher stage of the motion processing pathway.
Introduction
Prolonged exposure to paired presentation of two different sensory features causes an aftereffect that is contingent on one of the features. For example, after viewing repeated alternations of red vertical and green horizontal gratings, an achromatic vertical grating looks greenish, whereas an achromatic horizontal grating looks reddish (McCollough, 1965) . In contingent aftereffects, many types of sensory features can be paired including color-contingent orientation (Held & Shattuck, 1971) and motion (Favreau, Emerson, & Corballis, 1972) aftereffects, spatial frequency-contingent (May & Matterson, 1976) and motion-contingent color aftereffects (Hepler, 1968) , and disparity-contingent motion aftereffects (Anstis & Harris, 1974) . It is well known that contingent aftereffects last for a long time: color contingent motion aftereffects last for 24 h (Favreau et al., 1972; Hepler, 1968) or a few days (Mayhew & Anstis, 1972) .
The paired sensory features belong to one stimulus in the studies on contingent aftereffects. The color of the grating is contingent upon the orientation of the same grating. However, the perception of a visual object is largely influenced not only by the stimulus features belonging to the object itself but also by its surroundings. For instance, the perceived brightness and color of an object depend upon its surroundings (Albright & Stoner, 2002) . The perceived shape (Kaufman, 1979) and moving velocity and direction (Loomis & Nakayama, 1973; Nawrot & Sekuler, 1990) of an object are also influenced by its surroundings. It is possible that the aftereffects are also affected by spatial contexts. It was recently shown that the tilt aftereffects could be contingent on the features of the surrounding frames, and that these effects lasted for 24 h (Nakashima & Sugita, 2014) . It has been reported that the motion aftereffects (MAE) are contingent on the color of the surroundings (Durgin, 1996; Potts & Harris, 1975) . Therefore, in this study, we examined whether the MAE were affected by spatial contexts and found that the MAE could be contingent on the shape of the surrounding frames and the effects persisted at least for 24 h.
Motion and form information is strongly linked in the brain: some neurons in the visual cortex are selective for both motion and orientation (Albright, 1984; Maunsell & Van Essen, 1983) and distinct pathways of motion and form mutually interact (Beck & Neumann, 2010) . Recent psychophysical studies have demonstrated that motion and form perception interact. The strength of the MAE is modulated by orientation signals presented with motion stimuli, and the motion-orientation interaction is considered to occur at the higher level of motion processing where local motion is integrated (Mather, Pavan, Bellacosa, & Casco, 2012) or optic flow is extracted (Pavan, Marotti, & Mather, 2013) . The frame shape-contingent MAE examined in the present study demonstrates another type of motion-form interaction where motion and shape signals interact.
It has been argued that some aftereffects are remapped across a saccade to keep the adapting location aligned in the external world (Melcher, 2005 (Melcher, , 2007 Zimmermann, Morrone, Fink, & Burr, 2013) , although the aftereffects are the strongest in the retinotopic reference frame. The MAE were found to occur in the spatiotopic reference frame (Ezzati, Golzar, & Afraz, 2008) . However, it has been also reported that the MAE are retinotopic but not spatiotopic (Knapen, Rolfs, & Cavanagh, 2009; Wenderoth & Wiese, 2008) . The results of fMRI studies have been also inconsistent. One study claimed that the area hMT encodes motion signals not only in the retinotopic but also in the spatiotopic position (d 'Avossa et al., 2007) ; however, it has also been reported that only retinotopic representation is observed in the MT (Gardner, Merriam, Movshon, & Heeger, 2008) . To examine the reference frame of the contingent MAE, we conducted experiments with four reference frame conditions where the location of adapter and test stimuli were: the same in a retinotopic frame of reference (retinotopic), the same in a spatiotopic frame of reference (spatiotopic), the same in both frames of reference (full), and different in both frames of reference (unmatched).
Experiment 1
2.1. Methods
Participants
Twelve participants (20-25 years old) took part in the experiment, all of whom had normal or corrected-to-normal vision. The participants, except the authors, were naive to the purpose of the experiments. The experiment was performed in accordance with the Declaration of Helsinki. Informed consent was obtained from all participants.
Stimuli
Two-dimensional visual stimuli were presented on a 24-inch CRT display (800 Â 600 pixel resolution, refresh rate of 60 Hz) with a viewing distance of 1 m. A global motion display containing 200 white dots (112.4 cd/m 2 ) was presented as adapter and test stimuli on a uniform black background (0.1 cd/m 2 ). Each dot (0.03°in diameter) moved within an invisible circular window (4.6°in diameter). The velocity and life time of each dot were 6.6°/s and 166.7 ms, respectively.
Procedure
The participants were asked to keep looking at a red fixation (24.53 cd/m 2 and 0.2°in diameter) in a dark room. In the adaptation phase, the fixation was presented at the center of the screen and the adapter stimuli, where all dots moved rightward and leftward, were presented in alternation (Fig. 1A) . The center of the adapter stimulus was 2.9°to the right from the fixation. The duration of each adapter stimulus was 5000 ms. For half the participants, a square frame (4.3°in inner side and 4.9°in outer side) was always presented in conjunction with the rightward motion and a circle frame (4.8°in inner diameter and 5.4°in outer diameter) with the leftward motion. For the remaining half, the relationship was reversed. The frames were presented 100 ms before the stimuli. The alternate presentation of the adapter stimuli lasted for 90 s and repeated 10 times with a short rest (less than 20 s). Thus, total adaptation time was at least 15 min. In the test phase, the adapter stimulus disappeared and the fixation appeared. After 500 ms, the test stimulus was presented at 2.9°to the right from the fixation, the duration of which was 900 ms (Fig. 1A) . In a rightward frame condition, the test stimulus was presented in conjunction with the frame that was accompanied with the rightward moving adapter in the adaptation condition. In a leftward frame condition, the test stimulus was presented with the frame that was accompanied with the leftward moving adapter. A no-frame condition was also included. The coherence of dots in the test stimulus was from À30% to 30% in a step of 6%. The amount of coherence and the condition were randomized from trial to trial. The participants judged whether the stimulus moved rightward or leftward. Ten responses were obtained for each condition. The test phase was conducted before and after adaptation with the same procedure.
In the above condition, the test stimulus was presented not only in the identical retinal location but also in the same screen location (full condition). To examine the reference frame of the surroundcontingent aftereffects, participants were given another six sessions in another retinal position as well as in another screen position (Fig. 1B) . In the retinotopic condition, the fixation was presented at 4.3°left from the screen center and the test stimulus was presented at 2.9°to the right from the fixation, so that the adapter-and test stimuli were presented at the same retinal location but at different screen locations. The spatiotopic condition was tested for two different fixation points. In one spatiotopic condition, the fixation was presented at 1.4°to the left from the screen center and the test stimulus was presented at 4.3°to the right from the fixation. In the other spatiotopic condition, the fixation was presented at 5.8°to the right from the screen center and the test stimulus was presented at 2.9°to the left from the fixation. The adapter-and test stimuli were presented in the same hemi-field in the first spatiotopic condition, whereas they were presented in different hemi-fields in the second spatiotopic condition. Three unmatched conditions were also tested, where the adapter-and test stimuli were presented at different retinal and screen locations. The fixation was presented at 5.8°to the left from the screen center and the test stimulus was presented at 4.3°to the right from the fixation in the first unmatched condition. In contrast, the fixation was presented at 2.9°to the right from the screen center and the test stimulus was presented at 4.3°to the right from the fixation in the second unmatched condition. In these two conditions, the adapter-and test stimuli were presented in the same hemifield. In the third unmatched condition, the fixation was presented at 2.9°to the right from the screen center and the test stimulus was presented at 2.9°to the left from the fixation, where the adapterand test stimuli were presented in different hemi-fields. When the test phase started and the fixation moved to a new location, participants were required to move their eyes to the new fixation point as soon as possible. A random order of reference frame conditions was assigned to each participant.
To examine the persistence of the aftereffect, the test session was also conducted 24 h after the adaptation. Only the full condition was examined, because the strongest effect has been observed in the full condition.
Results
The proportions of rightward motion response were plotted against the dots coherence of the test stimuli. To determine a point of subjective stationarity (PSS), we calculated the 50% point (the point of subjective equality) by fitting a cumulative normaldistribution function to each participant's data using the maximum likelihood estimation. Before the exposure to the adapter stimuli, surrounding frames did not affect the PSS. However, the frames affected the PSS after adaptation (Fig. 2) . The judgments of the test stimuli shifted to the leftward motion when presented in conjunction with the frame that was accompanied with the adapter stimulus moving rightward compared with when presented with no frame. In contrast, it shifted to the rightward motion when presented in conjunction with the frame that was accompanied with the adapter stimulus moving leftward compared with when presented with no frame.
To evaluate the effect of adaptation, the PSS shift was calculated by subtracting the PSS for the no-frame condition from that for each outside frame condition. As seen in Fig. 3 , the surroundcontingent aftereffect was observed in the full and in the retinotopic conditions. The effect was also observed in the spatiotopic condition when the adapter and test stimuli were presented in different hemi-fields as well as when presented in the same hemifield. Of special interest was that the effect was observed even in the unmatched conditions when the adapter and test stimuli were presented in the same hemi-field. However, the effect was not observed when the adapter and test stimuli were presented in different hemi-fields.
The magnitude of contingent aftereffect was estimated by subtracting the PSS shift in the pre-test from that in the post-test and by averaging the absolute value of the PSS shift for the leftward condition and that for the rightward frame condition. The magnitude of aftereffect in the pre-test was not greater than the value of 0 (t 11 = À0.52, p = 0.69). After adaptation, a significant effect was observed in the full (t 11 = 5.74, p < 0.05, r = 0.87; the HolmBonferroni correction was used in the t-test for reference frame conditions) and in the retinotopic condition (t 11 = 4.83, p < 0.05, r = 0.82). In the spatiotopic condition, a significant effect was observed not only when the adapter and test stimuli were presented in the same hemi-field (t 11 = 3.53, p < 0.05, r = 0.73) but also when presented in different hemi-fields (t 11 = 2.38, p < 0.05, r = 0.58). It should be noted that when the adapter and test stimuli were presented in the same hemi-field, a significant effect was observed even for the unmatched conditions (t 11 = 3.64, p < 0.05, r = 0.74 for the test stimulus presented on the left side of the adapter stimulus; t 11 = 3.19, p < 0.05, r = 0.70 for the right side test stimulus). However, when the adapter and test stimuli were presented in different hemi-fields, the effect was not significant in the unmatched condition (t 11 = À0.55, p = 0.70). These results indicate that the MAE could be contingent upon surroundings. Furthermore, the effect was observed as long as the adapter and test stimuli were presented in the same hemi-field.
The PSS shift in the post-test conducted 24 h after adaptation was calculated (Fig. 3) . The magnitude of effect was significant in the test conducted 24 h after adaptation (t 11 = 3.50, p < 0.01, r = 0.73). These results indicate that the surround contingent MAE lasted for 24 h.
An asymmetry between leftward and rightward frame conditions was observed: the magnitude of contingent aftereffect was larger in the leftward frame condition than in the rightward frame condition in the unmatched (same/right) condition (t 11 = 5.37, p < 0.05) and the effect was larger in the rightward frame condition than in the leftward frame condition in the spatiotopic (different) condition (t 11 = 5.15, p < 0.05). In the adaptation phase, all dots moving rightward or leftward were presented for 5 s in conjunction with a square or circle frames in alternation. The presentation lasted for 90 s. In the test phase, the global motion stimulus, coherence of which was from À30% to 30% in a step of 6%, was presented for 900 ms with a square, circle, or no-frame. (B) Reference frame conditions: the full, retinotopic, two spatiotopic, and three unmatched conditions. In the first spatiotopic condition, the adapter and the tester were presented in the same hemi-field, whereas they were presented in different hemi-fields in the second spatiotopic condition. In the first and second unmatched conditions, the adapter and the tester were presented in the same hemi-field. In the third unmatched condition, they were presented in different hemifields. 
Experiment 2
In Section 2, the inner side of the square frame (4.3°) was smaller than the diameter of the circular window (4.6°) where the motion stimulus was presented to make the motion window itself square. The square frame overlapped with the outer part of the motion window, whereas the circle frame did not. The differential aftereffects might be due to the changing boundary of the motion stimulus. In Section 3, we conducted a similar experiment, reducing the size of the motion window to avoid overlap.
Methods
Ten participants (20-26 years old) took part in Section 3. All participants were naive to the purpose of the experiments.
The method in Section 3 was the same as Section 2 except for some parameters of the stimuli. The viewing distance was 65 cm. The size of the motion window was reduced to avoid overlap between the square frame and the motion window. White dots (118.6 cd/m 2 and 0.04°in diameter) moved within an invisible circular motion window (4.4°in diameter). The velocity of each dot was 7.9°/s. The participants kept looking at a red fixation (29.1 cd/m 2 and 0.3°in diameter). The center of the adapter stimulus was 3.1°to the right from the fixation. The size of the square frame was 4.6°on the inner side and 5.3°on the outer side and the circle frame had an inner diameter of 5.3°and an outer diameter of 6.0°. The test stimulus was presented at 3.1°to the right from the fixation.
In the retinotopic condition, the fixation was presented at 4.0°t o the left from the screen center and the test stimulus was presented at 3.1°to the right from the fixation. In the first spatiotopic condition, the fixation was presented at 2.0°to the left from the screen center and the test stimulus was presented at 5.1°to the right from the fixation. In the second spatiotopic condition, the fixation was presented at 6.2°to the right from the screen center and the test stimulus was presented at 3.1°to the left from the fixation. In the first unmatched condition, the fixation was presented at 7.0°t o the left from the screen center and the test stimulus was presented at 5.1°to the right from the fixation. In contrast, the fixation was presented at 3.1°to the right from the screen center and the test stimulus was presented at 5.1°to the right from the fixation in the second unmatched condition. In the third unmatched condition, the fixation was presented at 3.1°to the right from the screen center and the test stimulus was presented at 3.1°to the left from the fixation.
Results
The results from Section 3 were essentially similar to Section 2 (Fig. 4) . The only differing result was that the asymmetry between the leftward and rightward frame conditions was observed in the unmatched (same/right) and spatiotopic (different) conditions, whereas it was observed in the spatiotopic (same) and spatiotopic (different) conditions in Section 2.
The magnitude of aftereffect in the pre-test was not greater than the value of 0 (t 9 = À0.14, p = 0.55). After adaptation, a significant effect was observed in the full (t 9 = 5.29, p < 0.05, r = 0.87; the Holm-Bonferroni correction was used in the t-test for reference frame conditions) and in the retinotopic condition (t 9 = 9.30, p < 0.05, r = 0.95). In the spatiotopic condition, a significant effect was observed both when the adapter and test stimuli were presented in the same hemi-field (t 9 = 3.67, p < 0.05, r = 0.77) and when presented in different hemi-fields (t 9 = 3.01, p < 0.05, r = 0.71). When the adapter and test stimuli were presented in the same hemi-field, a significant effect was observed for the unmatched conditions (t 9 = 5.57, p < 0.05, r = 0.88 for the test stimulus presented on the left side of the adapter stimulus; t 9 = 4.06, p < 0.05, r = 0.80 for the right side test stimulus). However, when the adapter and test stimuli were presented in different hemifields, the effect was not significant in the unmatched condition (t 9 = À0.34, p = 0.63). The magnitude of effect was significant in the test conducted 24 h after adaptation (t 9 = 4.07, p < 0.01, r = 0.80).
An asymmetry between the leftward and rightward frame conditions was observed. The magnitude of contingent aftereffect was larger in the leftward frame condition than in the rightward frame condition in the unmatched (same/right) condition (t 9 = 2.06, p < 0.05) and the effect was larger in the rightward frame condition than in the leftward frame condition in the spatiotopic (different) condition (t 9 = 2.84, p < 0.01).
Discussion
The present study showed that the MAE could be contingent upon the shape of the surrounding frames. After the exposure to global motion stimuli moving rightward and leftward surrounded by a square or a circle frame, the judgments of the test stimuli shifted to the leftward motion when surrounded by the frame that was presented in conjunction with the rightward motion compared to when surrounded by no frame, and vice versa. The effect was observed both when the adapter and test stimuli were presented at the same retinotopic position, and when they were presented at the same spatiotopic position. Furthermore, the effect occurred even when the adapter and test stimuli were presented at different retinotopic and spatiotopic positions, as long as they were presented in the same hemi-field.
The contingent MAE have been demonstrated for such a stimulus that contains both paired stimulus features. For example, in the color-contingent MAE, the motion of a spiral stimulus is contingent on the color of the same spiral (Favreau et al., 1972) . The present study demonstrated that the MAE could be contingent upon an induction stimulus presented outside the test stimulus. It has been widely considered that the contingent aftereffects require joint encoding of the parameters to be linked (Barlow, 1990; Braddick, Campbell, & Atkinson, 1978) . It is known that the visual perception of an object is influenced not only by the stimulus features that belong to the object itself but also by its surroundings (Albright & Stoner, 2002; Kaufman, 1979) . A number of studies have shown that the stimuli presented outside the receptive fields strongly modulate the activity of cortical visual cells (Blakemore & Tobin, 1972; Gilbert & Wiesel, 1990; Knierim & van Essen, 1992; Lamme, 1995; Sillito, Grieve, Jones, Cudeiro, & Davis, 1995) . These cells might be responsible for the surround-contingent aftereffects.
Contingent aftereffects are well known for their long persisting effects. The present study confirmed that the surround-contingent MAE lasted at least for 24 h. It is certainly possible that the outside frames simply biased the participants' responses. Participants used the frame information for making decisions only when the motion direction was difficult to discriminate. To examine this possibility, we calculated the slope of the psychometric function (just noticeable differences: JNDs) with the following formula: (75% threshold À 25% threshold)/ 2. However, we found no significant difference in any of the data. The ANOVA revealed no significant main (tests: F(2,22) = 0.41, p = 0.67; outside frames: F(2,22) = 0.70, p = 0.51 in Section 2; tests: F(2,18) = 0.33, p = 0.72; outside frames: F(2,18) = 0.11, p = 0.89 in Section 3) and interaction effects (F(4,44 = 0.88, p = 0.48 in Section 2; F(4,36 = 1.85, p = 0.14 in Section 3) with regard to the comparison between the pre-and two post-tests (conducted immediately and 24 h later after adaptation) for the full condition. Similarly, no significant main (reference frames: F(6,66) = 1.40, p = 0.23; outside frames: F(2,22) = 0.89, p = 0.43 in Section 2; reference frames: F(6,54) = 0.91, p = 0.50; outside frames: F(2,18) = 1.00, p = 0.39 in Section 3) and interaction effects (F(12,132) = 0.47, p = 0.93 in Section 2; F(12,108) = 0.52, p = 0.90 in Section 3) was obtained for the comparison between the reference frame conditions. These results indicate that the aftereffect cannot be explained by the response bias alone.
In Section 2, the square frame overlapped with the motion window, whereas the circle frame did not. The differential aftereffects might certainly be due to the changing boundary of the motion stimulus. In Section 3, we conducted a similar experiment as Section 2, reducing the size of the motion window to remove the overlap between the square frame and the motion window. The results in Section 3 were essentially similar to Section 2. Thus, we confirmed that the effects obtained in the present study were not due to the difference in the boundary of the motion stimulus.
It has been reported that motion and texture density aftereffects are contingent on the color of the surroundings (Durgin, 1996; Potts & Harris, 1975; Sharpe, Harris, Fach, & Braun, 1991) . These color-contingent aftereffects were considered to be mediated by color spreading in the retina (Poppel, 1986) . In the present study, the MAE were contingent on arbitrary shapes of frames that are processed in the cortex. The frame shape-contingent MAE are likely to be accounted for by the interactions between cells in the visual cortex.
It has been shown that the visual contingent aftereffects were specific to the retinal position. The McCollough effect was not observed when the test gratings were moved off the adapted retinal area (Stromeyer, 1972) . Color-dependent MAE were shown to be highly localized (Murch, 1974) . Surround-contingent tilt aftereffect was also shown to be highly localized (Nakashima & Sugita, 2014) . Several different motion processing systems have been described (Burr & Thompson, 2011; Cavanagh & Mather, 1989; Nishida, 2011) . It has been shown that higher order motion processing is based on spatiotopic coordinates and lower processing on retinotopic coordinates (Hein & Cavanagh, 2012; Turi & Burr, 2012; Yoshimoto, Uchida-Ota, & Takeuchi, 2014) . Framedependent MAE demonstrated here were not specific to the retinal area: the effects were observed not only when the adapter and test stimuli were presented at the same retinal position, but also when they were presented at the same screen position. Moreover, the effect was observed even when the adapter and test stimuli were presented at different retinal and screen positions as long as they were presented in the same hemi-field. These results indicate that the surround-contingent MAE can be induced even when the retinal locations of the adapter and test stimuli were different, irrespective of the coordinate of the reference frame. Remote or phantom MAE have been reported in which the adaptation and test areas are spatially separate (Price, Greenwood, & Ibbotson, 2004; Snowden & Milne, 1997; von Grunau & Dube, 1992) . Since remote or phantom MAE can be produced by complex motion such as second-order, rotational, or radial motion, these MAE are considered to reflect the adaptation in the higher area where neurons have large receptive fields. In accordance with these findings, the surround-contingent MAE might be mediated in the higher stage of motion processing pathway where cells have large receptive fields and respond to global motion stimuli.
It has been shown that the MAE induced by expanding motion transfer across the fixation point (Meng, Mazzoni, & Qian, 2006) . The MAE are thought to be mediated in the higher area such as the MSTd in which cells have receptive fields that cover both sides of the fixation point. The surround-contingent MAE were observed when the adapter and test stimuli were presented at the same screen position in different hemi-fields as well as when presented in the same hemi-field. The results suggest that the effect might be processed in the higher area where receptive fields of cells are large enough to cover both visual fields. However, the effect was not observed when the adapter and test stimuli were presented at different retinal and screen positions in different hemi-fields. The results suggest that the surround-contingent MAE might not completely be independent of the coordinate of the reference frame, but be related to the processing in the spatiotopic reference frame.
The perceptual interaction between motion and form has been demonstrated; the strength of the MAE is modulated by the orientation signals presented with the motion stimuli (Mather et al., 2012; Pavan et al., 2013) . The frame shape-contingent MAE reported here are another motion-form interaction where motion and shape perception interact. As discussed above, the frame shape-contingent MAE might be mediated in the higher stage of motion processing. This is consistent with the findings that the motion-form interaction occurs at the high level of motion processing such as the MT (Mather et al., 2012) or MST (Pavan et al., 2013) . Simple MAE has been shown to be retinotopic (Knapen et al., 2009; Wenderoth & Wiese, 2008) with one exception (Ezzati et al., 2008) . The present results suggest that the surround-contingent MAE are processed in the higher visual area as compared with simple MAE. The MAE might be processed in the higher stage because of the interaction with the shape of the outside frame.
We found an asymmetry for the aftereffect between the leftward and rightward directions in Sections 2 and 3. When the adapter and test stimuli were presented at the same spatiotopic position in the same hemi-field in Section 2 and when the adapter and test stimuli were presented at different retinotopic and spatiotopic positions in the same hemi-field in Section 3, the effect was stronger for the adapter moving leftward than for the adapter moving rightward, and when the adapter and test stimuli were presented at the same spatiotopic position in different hemifields in Sections 2 and 3, the opposite bias was observed. It has been reported that the motion sensitivity and strength of the MAE vary depending on the direction of motion: sensitivity to contracting motion is better than to expanding motion (Edwards & Badcock, 1993; Raymond, 1994) and the duration of the MAE is longer for contracting motion than for expanding motion (Pavan et al., 2013) . The present results suggest that the MAE are stronger for motion toward the foveal visual field. It is consistent with the findings reporting a bias for contracting motion. However, we cannot clearly explain the results, particularly why the asymmetry was observed only in these conditions.
